The major objective of this research was to conduct a feasibility study into the use of shredded rubber as a partial replacement for aggregate within conventional base and subbase materials within a flexible pavement system. A graded aggregate base and sand subbase meeting specifications for the Maryland S tate Highway Administration were used.
While the implementation of this regulation is still under discussion, investigative studies regarding the potential benefit of rubber in asphalt mixtures has intensified in recent years.
Currently there are several major alternatives and numerous ongoing studies to implement and achieve the ISTEA requirements. One process combines crumb rubber into the asphalt cement fonning an asphalt-rubber blend. This procedure is commonly referred to as the "wet process." Another procedure incorporates crumb rubber as a partial aggregate substitute in the mix. This process is known as the "dry process."
An alternative, potential process for the disposal of waste tires in pavement systems incorporates a less finely ground scrap tire particle, hereafter called shredded rubber, into unbound aggregate base and subbase material. This non-asphalt alternative possesses several potential advantages over the wet and dry asphalt processes because the shredded rubber need not be as finely ground as the crumb rubber. Shredded rubber is only a third-or fourth-stage shredding as opposed to a sixth-or seventh-stage crumb necessary for the wet and dry processes. Much of the cost associated with incorporating crumb rubber into an asphalt mix is a result of the refinement of the rubber panicles. Cost to produce the crumb for the wet and dry processes may range between $0.10 to $0.30 per lb versus the cost to produce shreds which typically range in price between $0.01 and $0.03 per Ib (1).
The potential for the use of the shreds in base or subbase materials cannot be understated. Given the requirements to utilize scrap tire in 20% of the tons of asphalt mix used by 1997, the utilization of shreds in the granular layers could save states between $0.07 and $0.29 per lb of rubber used. In addition, the potential quantities of shreds Speir Witczak utilized may increase due 10 significantly larger quantities of base and subbase material used in a new construction project as well as a greater percentage of shredded rubber used per unit weight of the base/subbase material.
The use of shredded rubber as an aggregate substitute is a relatively new concept.
Several states have conducted or are conducting tests on various scrap tire applications.
Oregon, Vermont, and Minnesota, to a name only a few, currently have field studies underway which utilize the shredded rubber as a lightweight fill.
Although the results of the field work are promising, these projects still fall short of studying the feasibility of adding the shredded rubber as an aggregate substitute for conventional unbound base/subbase layers of a pavement system. In most cases, the . rubber was placed in a separate layer in the structure without trying to integrate it into one of the existing layers. Based on the lack of information for rubber in unbound granular material, this study focused on trying to characterize those types of aggregate-rubber blends.
STUDY OBJECTIVE
Given the lack of technical data available in the use of shredded rubber as an aggregate substitute in base and subbase materials, this research was conducted from the perspective of a preliminary feasibilitv studv. The object of this study was to investigate the possibility of using shredded rubber as a partial replacement for aggregate within conventional unbound aggregate base and subbase material within a pavement system. To meet this objective, typical unbound base and subbase materials utilized by the Maryland State Highway Administration were obtained and then blended with the shredded rubber.
These blends were then studied to determine the effects of the rubber on the strength and dynamic response of each aggregate. Two different types of aggregate were selected: a graded aggregate base (GAB) and a sand subbase material.
LABORATORY TESTING Material Characterization Tests j
In order to provide the necessary reference data for all the materials used, certain standard material characterization tests were conducted initially. Sieve analysis, specific gravity, and absorption tests were performed on all materials. In addition, Atterberg limits tests were conducted on aggregate samples only. Figure 1 and Table 1 are the results of these preliminary tests.
Strength Characterization Tests
To investigate the strength characteristics of the aggregate-rubber blends, moisture-density compaction tests and California Bearing Ratio (CBR) tests were conducted. In developing the blends, percentages of rubber shred were defined on a total weight basis. Because no previous knowledge existed concerning typical rubber percentages to be used, the upper boundary percentage was arbitrarily selected as 15
percent. An intermediate level of 7.5 percent was established as well as a zero percent control. The selected percentage of shredded rubber (0-15%) was found to be a good range for characterizing the strength effects of the blended material.
For the purposes of establishing the moisture-density relationship of the aggregates as well as the blends; two levels of compactive energies were employed: a modified energy equal to 2694 kJ/m 3 (56,250 ft-Ib/ft 3 ) and a standard energy equal to 593 kJ/m 3 (12,375 ft-Ib/ft 3 ). Molds with a diameter of 15.2 em (6.0 in) and having a volume of 0.0021 m 3 (0.075 ft3) were used to compact all specimens. This mold size was used to facilitate tests of the CBR strength on the compacted specimens. The specimens were compacted by a mechanically operated metal rammer which was equipped with a device to control the height of drop of the rammer and which uniformly distributed the drops around the specimen surface.
The number of specimens required to characterize the optimum dry density along with the optimum moisture content varied depending on the material being used .
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Typically, the GAB blend was more difficult to characterize than the sand-rubber blend.
As a minimum, however, no fewer than four points were used to characterize the moisture-density relationship. Table 2 provides a summary of the optimum dry density with the corresponding optimum moisture content. This table reveals the expected decrease in dry density with increasing rubber content for both the GAB and sand. Figure   2 is a graphical representation of the effects of the rubber content on Y dopt. The Glopt determined by each Ydopt are also plotted against the rubber content in Figure 3 . A rise in Glopt in the GAB-rubber blends is more than likely a result of the rubber shreds retaining more water than the aggregate they replaced. The sand, on the other hand, reacts in an inverse relationship between the moisture content and the rubber percentage. Because of . the introduction oflarger particles into the otherwise fine sand material, many of the grainto-grain contacts of the sand particles are displaced. The fine sand material then takes on characteristics of an increasingly coarse material as more rubber is introduced.
Two specimens were tested using the AASHTO T 193 CBR test method at each moisture content, each rubber content, and both compaction conditions. One specimen was tested in the as-molded condition, and the second specimen was immersed in a soaking tank for a 96-hour soak prior to testing. No swell tests were performed on the soaked specimens as the blended materials were considered free draining, and swelling was assumed to be insignificant. All CBR values were plotted and a maximum value corresponding to the Glopt was recorded for each rubber content and each compactive energy. A summary of the CBR corresponding to the optimum moisture content is provided in Table 3 . In addition, Figure 4 shows the effects of the rubber percentage on CBR. Analysis of this graph reveals that the GAB-rubber blends result in a significant loss in strength for the as-molded, modified compaction conditions. At 0% rubber, a CBR of 93 is measured at the optimum moisture content. At 15 % rubber, however, the CBR value drops to 13. The GAB-rubber blend CBR values at standard compaction and saturated conditions have similar trends indicating a major loss in strength for all conditions.
The sand, on the other hand, results in a much more positive response with the addition of the rubber. Given the naturally occurring variation in typical CBR results, it can easily be argued that for the range of rubber percentages investigated, there are no changes in the CBR values from 0% to 15% rubber. The nearly horizontal lines in Figure   4 suggest that adding up to 15% rubber to the sand has no adverse affect on the CBR strength of the material.
Sand Triaxial Compression Tests
In order to verifY the CBR-rubber trends found for the sand-rubber blends, two . additional tests were carried out on this material: the triaxial compression test and the constant head permeability test. Table 4 summarizes the results of the triaxial compression test. The results shown in this table indicate that the angle of internal friction is almost independent of the rubber percentage used. This conclusion is identical to CBRrubber trends found on the sand subbase and obviously lend support to the conclusion that the shear strength (as measured by both CBR and friction angle) are independent of the rubber percentage used.
Sand Constant Head Permeability Tests
Constant head permeability tests were also conducted on only the sand-rubber specimens. The coefficients of permeability determined from these tests are shown in Figure 5 . These results clearly indicate that the effect of increasing rubber percentage on the coefficient of permeability is somewhat insignificant. A slightly enhanced drainability condition does appear to occur at the high (15%) rubber content.
Resilient Modulus Tests
In general, AASlITO T 294-92, Test for Resilient Modulus of Unbound Granular Base/Subbase Material and Sub grade Soils, was utilized in cpnducting the Mr test for the GAB and sand-rubber blends. A repeated axial load sequence consisting of 0.1 second haversine load application followed by a 0.9 second dwell period was the basic load pulse applied during the test. This load sequence was repeated for a predetennined number of applications. In addition to the vertical dynamic loading, the specimen was simultaneously subjected to a static confining pressure. The whole procedure was repeated at various confining pressures and load levels until a representative number of sequences were performed to sufficiently characterize the material. For this phase of the procedure, the AASHTO method was slightly modified to incorporate additional stress sequences. This was done in order to allow for more stress conditions (data points) with which to evaluate the Mr results. Table 5 The Mr results from this study were evaluated using both models.
In looking at the effects of rubber on Mr for the conventional analysis, it is important to note the change in K 1 and K2 values with respect to increasing rubber. 9 Table 6 and Figures 6 and 7 show the trend in the effects of the rubber percentage upon the Kl, K2 values for the GAB. As rubber is added, a significant decrease in the KI value is noted for all conditions. Conversely, values ofK2 increase for all GAB-rubber conditions. Both conditions are examples of an increased level of non-linear response of the aggregate as rubber is added.
A review of the sand KI values ( Figure 6 ) shows that although the general trend is similar to the GAB-rubber blend, the decrease is far less drastic. In this plot, the rubber ·clearly has a greater effect on the Kl values of the GAB-rubber blends than the Kl values of the sand-rubber blend. Further study of Figure 7 shows somewhat unexplainable trends for the sand-rubber K2 values. The saturated sand-rubber specimens behave in a manner similar to the GAB-rubber blends as they increase with increasing rubber percentages.
Quite the opposite is true, however, for the as-molded specimens. In this case, the K2 values appear to decrease. The obvious disparity in trends of the curves suggests that some other factor is responsible for influencing the sand-rubber specimens besides just the amount of rubber being added.
The introduction of-t oct with the Universal Model was found to have a profound effect on the overall trends for the regression constants k I, k2, and k3 as well as the ultimate model accuracy. Table 7 summarizes these values for both the GAB and sandrubber mixes. In addition, Figures 8, 9, and 10 show a graphical representation of these results. In the case of k I in Figure 8 , there is a decrease in the value as the rubber is increased in both materials. This finding is identical to the case of the K I value of the conventional analysis. As before, the decrease in the GAB-rubber kl is significantly more than the decrease in the sand-rubber kl. Because the observed properties of the sand in several cases were unaffected by the addition of the rubber, this study concluded that the use of shredded rubber in sand subbases may be a technically feasible alternative to the use of rubber in pavement systems and that further research is warranted.
Constitutive Model Comparison
The Table 5 be considered by AASHTO for Mr evaluation of cohesionless materials.
RECOMMENDATIONS FOR FUTURE WORK Field Studies
Further studies should be undertaken to better understand and expand the implication of the laboratory results of the sand-rubber blends. In addition to laboratory work, field studies (demonstration projects) are needed to determine the best way to incorporate and mix the shredded rubber into the sand subbase. Some difficulties may arise, for instance, with in-place mixing to obtain uniform blending. This may result in the inability to obtain adequate in-place densities. Once completed, these test sections should be observed for long term performance monitoring associated with the aggregate-rubber layers.
Laboratory Research
Although the study has examined the sand-rubber mix as a subbase material, there are additional related areas which should be addressed in the laboratory. Repeated load permanent deformation behavior of the rubber blends should be evaluated in the laboratory. In addition, environmental concerns warrant further laboratory tests that evaluate possible harmfulleachates from the material in its blended state. Another area of interest is the reaction of rubber in the freezelthaw conditions in the aggregate layer.
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